We present here valuable extensions to our previous work in preparing highly functionalized, heteroatom substituted alkynes via displacement at an sp center. Our results show that a wide range of ynol ethers can be prepared by the same methodology and that the same protocol can be applied to the synthesis of synthetically useful thioynol ethers. We also present new observations that have led us to revise our original hypothesis in favor of a pathway involving radical intermediates.
Although at the time we made a number of important observations about this reaction, these were not always easy to explain. In particular, the reaction seemed dependent on potassium ions being present in the reaction medium (which we went someway to explaining via DFT studies), the process seemed unique to DMF as the solvent, even when compared to other highly polar aprotic solvents and the presence of an aryl group in the substrate appeared to be essential. Additionally, we have made the counter-intuitive observation that those alkynyl sulfonamides bearing an electron rich aryl group undergo the reaction much faster than their electron deficient counterparts. Having observed the recent work in the area of TM-free processes and the body of evidence that seems to be building that these processes are radical in nature, 9 we felt compelled to critically reassess our work. We here report further findings which led us to revise our original hypothesis in favor of a radical mechanism, particularly in light of our most recent mechanistic observations. 10 We first turned our attention to the question of the critical nature of DMF to the success of the reaction. Others had observed that TM-free processes usually proceeded most efficiently when a coordinating molecule (usually an amine) 6, 7 was added to the reaction mixture. In reevaluating our work we therefore hypothesized that DMF was fulfilling this role in our reaction. In doing so we recognized that an alternative and more convenient solvent might be suitable for the reaction.
Choosing THF as the solvent we explored the effect of coordinating additives that have been employed in various TM-free processes. We were delighted to observe that (in common with others 6 ) additives such as DMEDA and related amines not only allowed the reaction to proceed, but gave the products in enhanced yield compared to our original observation (Figure 2 ). Furthermore, very little variation in yield or efficiency is observed between those additives that promote the reaction, all of the yields being within 5% of each other (Figure 2 ).
Figure 2: Effect of additives in ynol ether formation
Interestingly, additives appear to fall into two clear groups; those which promote the ynol ether formation ('Effective') and those which have no effect ('Ineffective') and only yield starting material at the end of the reaction. Clearly, the effective additives are all structurally related although the exact mode of enhancement is yet to be determined.
Having established an improved strategy for the synthesis of ynol ethers, we then turned our attention to improving the scope of the reaction. Given that our original reports had focused almost exclusively on the tert-butyl variants, we were keen to establish a protocol where primary, secondary as well as tertiary ynol ethers could be synthesized. Using the improved protocol outlined in Figure 2 , we were pleased to observe that the ynol ethers derived from a range of primary, secondary and tertiary alkoxides (generated from the parent alcohol and either KH or potassium metal) could be prepared without incident (Figure 3) . In general, although any of the additives indicated in Figure 2 can be employed, we have favored addition of dimethylamine to the reaction as its volatility means that it is more easily removed than other additives at the end of the reaction. In nearly all cases, the ynol ether was isolated in good yield, the only exception being when potassium trifluoroethoxide was employed as the nucleophile, when two moles of the alkoxide are incorporated into the product to yield the ketene acetal. Presumably, on forming the ynol ether, the additional electron withdrawing capacity of the trifluoroethyl group renders the already reactive ynol ether susceptible to nucleophilic attack at the most electron deficient carbon atom yielding the observed product.
Following successful endeavors in the synthesis of ynol ethers we then decided to explore the direct analogues with sulfur as the heteroatom in the synthesis of thioynol ethers. These species have received much less attention in the literature and appear to be difficult to prepare by other methods. 11 We began our studies by examining the reaction of the potassium salts of tert-butyl thiol (prepared from KH and the parent thiol) under the reaction conditions outlined in Figure 3 again, we were pleased to observe that the tert-butyl thioynol ethers could be obtained in most cases in reasonable yields (Figure 4 ).
Figure 4: Synthesis of tert-butyl thioynol ethers
We then turned our attention to exploring the scope of the thiols that could be employed in this reaction. Our initial studies have indicated that using the procedure outlined in Figure 4 , thioynol ethers can be obtained directly when simple primary alkyl thiolates are used, however when secondary alkyl thiolates are employed, the α-addition product is isolated ( Figure 5 ). In common with the oxygen series, 8 the α-addition products are isolated as a single geometrical isomer, in this case the (E)-isomer. The outcome of the reaction appears to have little or no dependence on steric factors and this is one observation that has led us to revise our thinking in favor of a radical mechanism (discussed later). cases the α-addition product resulted in excellent yields with almost complete deuterium incorporation when D 2 O was used. Furthermore, the α-addition products could be converted to the thioynol ether in excellent yields by treating with LDA (Scheme 2).
Scheme 2
Presumably, the well-known propensity of the sulfonamide moiety to direct metalation to adjacent carbon atoms results in facile deprotonation (facilitated by the fact that the compound is the appropriate geometrical isomer for such a reaction) 12 followed by elimination of lithium N,Ndiethylamidosulfite as described previously (Figure 6 ). This approach is a reliable method of obtaining the thioynol ethers where the initial procedure yields predominantly the α-addition products. The course of our work has led us to revise our original hypothesis in favor of a related additionelimination pathway, but one that proceeds via a radical process. Our most recent work (along with a growing body of work in the literature) suggests that potassium alkoxides (and certainly thiolates)
have inherent electron transfer ability and might feasibly promote a single electron transfer to the alkynyl sulfonamide. This process is highly reminiscent of dissolving metal reduction of alkynes to yield trans alkenes via a single electron transfer pathway. Additionally, the observation that doping the reaction mixture with 5% water results in the anti-Michael products being isolated as single geometrical isomers is consistent with a trans disposed radical anion intermediate as shown in Figure 7 . The resulting highly electrophilic heteroatom-centered radical can then combine with the vinyl radical anion at the site of greatest electron density. This might also explain why the more electron rich species react faster than those alkynyl sulfonamides bearing an electron-withdrawing group. Furthermore, the observation that excess O 2 and radical inhibitors such as galvinoxyl inhibit the reaction led us to propose the revised mechanism outlined in It is noteworthy that others working in this area while studying similar systems, have postulated a reaction mechanism involving a polar mechanism via coordination of a potassium bound alkoxide to the sulfonyl unit. Given our mechanistic observations in this paper and our previous studies which suggest the potassium counterion is essentially dissociated from the oxygen anion, we feel that the radical mechanism ( Figure 7) that results from an initial single electron transfer from the alkoxide to the acetylene is a more accurate description of the observed behavior in these systems.
Conclusions
We have significantly improved the scope and applicability of our original methodology in the synthesis of a wide range of ynol ethers derived from primary, secondary and tertiary alkoxides.
Furthermore, we have applied the same methodology to the synthesis of thioynol ethers along with a strategy to synthesize both α-addition products and the thioynol ethers via sequential additionelimination. The course of our work has given us cause to reassess the mechanistic pathway and to revise our original hypothesis in favor of an addition -elimination pathway involving radical intermediates.
Experimental Section General Experimental
All reactions were carried out at atmospheric pressure, under argon, unless otherwise stated.
Normal phase silica gel (BDH) was used for flash chromatography. Reactions were monitored by thin layer chromatography (TLC) using plates pre-coated with silica gel 60 F 254 on aluminium visualised by UV (254 nm) and chemical stain (potassium permanganate). Mass spectra were measured in EI and CI mode. Electron spray ionisation spectra were measured on a LC-TOF mass spectrometer. 1 H NMR and 13 C NMR spectra were recorded at 500 or 600 MHz and 125 or 150
MHz respectively at ambient temperature. All chemical shifts were referenced to the residual proton impurity of the deuterated solvent. Coupling constants, J are quoted in Hz to one decimal place.
Infrared spectra were obtained on a FTIR Spectrometer operating in ATR mode. Melting points are uncorrected.
General procedure for the synthesis of ynol ethers 3a-h: 1-Methoxy-2-phenylethyne 3a: 13 To a flame-dried, 25 mL round-bottomed flask purged with argon, was added anhydrous methanol (36.3 mg, 1.13 mmol, 5.4 eq.) and anhydrous THF (0.3 mL). Freshly cut potassium metal (44.0 mg, 1.13 mmol, 5.4 eq.) was then carefully added and the reaction mixture stirred at rt for 10 min, followed by reflux at 50 °C for 20 min. The reaction mixture was then allowed to cool to rt and the contents concentrated in vacuo. The reaction flask was then cooled to 0 °C and 2 M dimethylamine in THF (0.28 mL, 0.57 mmol, 2.7eq.) was added, followed by alkynyl sulfonamide 1 (50.0 mg, 0.21 mmol, 1.0 eq.). The reaction mixture was then allowed to stir for 10 min whilst warming to rt, followed by careful addition of iPrOH (1.0 mL) to quench any residual potassium. The reaction mixture was then dissolved in CH 2 Cl 2 (20 mL) and washed with water (10 mL). 
